Abstract

27
Mixed and multi-layered forest ecosystems are sometimes more productive than monospecific 28 and single-layered ones. It has been suggested that trees of different species and sizes occupy 29 complementary positions in space which would act as a mechanism to increase canopy light 30 interception and wood production. However, greater canopy light interception reduces the average 31 amount and variability of transmitted radiation offering fewer opportunities for all species to 32 regenerate and to maintain forest heterogeneity in the long-run. We investigated whether increasing 33 overstory heterogeneity indeed results in greater canopy light interception and lower variability in 34 transmittance. We modeled the three-dimensional structure of forest stands with 3 typical forest 35 structures, 10 mixtures of four tree species, and 3 different basal areas. We used the forest light 36 interception model SAMSARALIGHT and performed three-way analyses of covariance to analyze the 37 effects of the three varied components of forest heterogeneity. We found no evidence that 38 increasing heterogeneity increases canopy light interception. In contrast, homogeneous stands 39 intercept more light than heterogeneous stands. Variability in transmittance increased in some cases 40 D r a f t greater the opportunities for multiple species to regenerate. However, the variability in understory 88 light is likely positively correlated with the average quantity of light transmitted through the canopy. 89
As canopy openness increases, both the mean and the range of understory light conditions increase 90 (Canham et al. 1990 ). Since canopy transmittance is hypothesized to decrease with forest 91 heterogeneity, variability in understory light should also decrease with forest heterogeneity. 92
Sustainable management of heterogeneous forests should therefore optimize both the capture of 93 solar radiation by overstory trees and by understory seedlings, i.e. it should both minimize mean light 94 transmittance and maximize the variability of light transmittance. 95
The main question we address in this paper is how does the structural and compositional 96 heterogeneity of the forest overstory affect light interception and the amount and variability of 97 understory light. In particular, our specific questions are: (i) How does overstory structural and 98 compositional heterogeneity affect the total interception of light? (ii) How does structural and 99 120   To examine how overstory heterogeneity influences the mean and the variability in understory  121   light conditions, we simulated 90 contrasted forest stands including 3 typical forest structures (single-122 layered, multi-layered with two or three vegetation layers and reverse J-shaped distribution), 10 123 mixtures of forest composition based on combinations of the four species (beech, oak, beech/oak, 124 pine, fir, fir/pine, oak/pine, beech/fir, beech/oak/pine, beech/fir/pine), and 3 levels of basal area (15, 125 25 and 35 m 2 ha -1 ) (Fig. 1) . Each virtual stand was 50 x 50 m, and since the position of the trees was 126 randomly drawn from a uniform distribution, each combination was simulated 100 times. We chose 127 a uniform distribution because we found no general evidence of aggregated or regular distributions 128 of trees in stands of the studied species (the values of the aggregation index Clark-Evans were 129 generally close to 1, see Tree height and crown radius were computed using species-specific allometric relationships 157 determined by Ameztegui For this experiment, SAMSARALIGHT was set to compute light interception using Beer's law (Eq. 1). 170
Creating virtual stands
Beer's law describes the attenuation of a monochromatic ray within a turbid medium, i.e. a medium 171 made up of small elements randomly scattered and presenting a homogeneous transparency 172 (Brunner 1998). Briefly, the probability of beam interception (1-τ) by canopy elements is a function of 173 the canopy element density (leaf area density, LAD, in m 2 m -3 ), the path length of a ray through the 174 canopy (l, in m), the extinction coefficient (k) and the clumping factor (Ω). K and Ω depend on canopy 175 element inclination and spatial distribution: 176
Eq. 1 177
Tree crowns of hardwood and softwood species were modeled with three-dimensional 178 ellipsoidal and parabolic shapes, respectively, using the allometric relationships from Ligot et al. To test the differences between the means of factor levels, we used Tukey's "Honest Significant 
Results
209
Mean transmittance
210
Mean light transmittance (m T ) depended on forest composition (62.5% of the total explained 211 variance) and basal area (33.0%), as indicated by type II sum of squares, whereas the interactions 212 between composition and basal area (2.9%), forest structure (1.4%) and the other interactions 213 among factors (0.2%) had minor effects (Table 1) . A gradient of mean transmittance was observed in 214 D r a f t relation to stand composition. Light transmittance was the lowest (i.e. tree light interception was the 215 greatest) in the most shade-tolerant pure beech stands (m T = 4.8 % on average, ± 4.3 % of standard 216 deviation) while transmittance in the least shade-tolerant pure pine stands was the greatest (43.0 ± 217 11.5 %). As expected, mean transmittance clearly decreased with basal area. For instance, the mean 218 transmittance in oak stands with basal area of 15 and 35 m² ha -1 were 28.7 % (± 2.36 %) and 7.6 % (± 219 1.31 %), respectively. 220
Mean transmittance of mixed stands was always intermediate between the corresponding pure 221 stands (Fig. 3) . beech/fir/pine mixtures, light transmittance (14.1 ± 8.3 %) was slightly greater than in beech/fir 228 mixtures (the two more shade-tolerant species in the mix, 9.2 ± 6.5 %). 229
Although forest structure had a statistically significant effect on the mean of transmittance, its 230 effect was weaker than that of stand composition or basal area (Table 1) . In pure stands, 231 transmittance increased with the number of tree layers, being the lowest in single-layered stands 232 (18.1 ± 13.9 %) and the highest in reverse j-shaped stands (21.0 ± 14.8 %). In mixed stands, the mean 233 transmittance of multi-layered stands was in some cases significantly greater than in even-sized 234 stands but in all cases remained lower than in reverse j-shaped stands (Fig. 3) . 235
Transmittance variability
236
Similar to mean transmittance, the variability in transmittance depended mostly on forest 237 composition (71.5% of total explained variance, Table 2 ) and basal area (23.9%). Forest structureD r a f t 11 (1.2%) and interactions among factors (3.4%) had little effect. The variability in transmittance was 239 also lowest in beech stands and increased according to species shade tolerance (beech < fir < oak < 240 pine), with the exception of pine stands, for which the variability in transmittance was lower than in 241 fir stands. The differences between the variability in transmittance of pine and fir stands were 242 significant for basal area values of 15 and 25 m 2 ha -1 . As expected, mean transmittance and standard 243 deviation were positively correlated (r = 0.759, p < 2.2E-16). Nevertheless, the relationships between 244 these two variables departed from a linear relationship with a maximum variability in transmittance 245 observed at about a mean transmittance of 40%. 246
For some combinations of stand structure, composition and basal area, the variability in 247 transmittance in two-species mixtures was greater than the variability in corresponding pure stands 248 (Fig. 4) . This happened, for example, in oak and beech mixtures at low basal areas, as well as in the 249 pine and fir mixtures in high-density stands. These relationships were consistent across the three 250 modelled stand structures. No additive effect was, however, observed when softwood species were 251 mixed with hardwood species. 252
Similar to the results of mean transmittance, the variability in transmittance (σ T ) slightly 253 increased with the number of tree layers in pure stands, being the lowest in single-layered stands (σ T 254 = 7.5 % on average, ± 3.9 % of standard deviation) and the highest in stands with a reverse j-shaped 255 structure (8.2 ± 3.8 %). In mixed stands, the variability in transmittance of multi-layered stands was in 256 some cases significantly greater than in even-aged stands but remained in all cases lower than in 257 reverse j-shaped structure stands. 258
The variability in transmittance generally decreased with stand basal area (Fig. 4) . Nevertheless, 259
there was a significant interaction between basal area and stand composition ( Table 2 ). The effect of 260 basal area on variability in transmittance was lower in pure stands of shade intolerant or mid-261 tolerant species (e.g. pine and oak) than in stands of shade-tolerant species (e.g. beech and fir). order of importance of the tested factors may however depend on the chosen study species and 306 levels of basal area. We studied species with contrasted crown shapes and sizes. The effect of the 307 overstory composition on understory light availability is usually explained by differences in species 308 morphological traits related to light interception (Coll et al. 2011 ). In our case, leaf area density was 309 relatively similar among the studied species (range between 0.5 and 0.7 m 2 m -3 ) but crown 310 allometries differed greatly (Fig. 2 ) and these relationships have been shown to critically affect 311 canopy packing (e.g. Beaudet et al. 2002; Ligot et al. 2014a ). In our study, the largest differences in 312 D r a f t average transmittance were observed between the simulated softwood and hardwood stands, with 313 softwood species (pine and fir) having narrower and smaller crowns than hardwood species (oak and 314 beech), thus transmitting more light (Valladares 2003) . However, this result is not generalizable as 315 the studied hardwood and softwood species were species of different shade tolerances (Valladares 316 and Niinemets 2008) with the hardwood species being the most shade-tolerant species. In addition, 317
Individuals of the two studied softwood species grow at higher elevations and in colder sites than 318 those of the two studied hardwood species, with consequences both on allometries and on leaf area conditions. In pure stands, the variability in transmittance increased with the number of tree strata, 333 but in mixed stands, the lack of difference between single-layered and multi-layered stands was not 334 expected. Although an earlier study in mixed hardwood stands in North-East America found little 335 variation in light transmittance with stand age and thus canopy strata complexification (Brown and 336 D r a f t approach we used to generate mixed stands: Mixed, single-layered stands were composed of two 338 species in one single tree layer, with trees of about the same DBH but varying height depending on 339 specific allometries. Therefore, the comparable understory light variability observed between single-340 layered and multi-layered stands may be due to a lack of sufficient differences in the heterogeneity 341 of tree sizes for these two structures. 342
The variability in understory light and the mean transmittance through the canopy are positively 343 2008; Umeki 1996, 1997). As we repeated our simulation 100 times, this effect has probably been 378 partly minimized. Nonetheless, the extent to which individual crowns can expand in reaction to the 379 local environment and how this affect understory light needs to be further studied. 380
Conclusion
381
The advantage of heterogeneous forest stands may lie in opportunities to naturally regenerate 382 various species in the understory rather than in opportunities to enhance light capture by the 383 overstory. This study has taken a step in the direction of better understanding the effects of forest 384 heterogeneity on light capture and light distribution between the canopy and regeneration layers, 385 which is a necessary step in the current debate on increasing forest heterogeneity as a technique for 386 Tables   570   Table 1 : A brief description of the plots monitored in oak-beech mixtures by (Ligot et 
